Hydrogel-encapsulating culture systems support the consistent growth of ovarian follicles from various species, such as mouse, non-human primate, and human; however, further innovations are required for the efficient production of quality oocytes from early-stage follicles. In this report, we investigated the coculture of mouse ovarian follicles with mouse embryonic fibroblasts (MEFs), commonly used as feeder cells to promote the undifferentiated growth of embryonic stem (ES) cells, as a means to provide the critical paracrine factors necessary for follicle survival and growth. Follicles were encapsulated within alginate hydrogels and cocultured with MEFs for 14 days. Coculture enabled the survival and growth of early secondary (average diameter of 90-100 mm) and primary (average diameter of 70-80 mm) follicles, which developed antral cavities and increased in diameter to 251-347 mm. After 14 days, follicle survival ranged from 70% for 100-mm follicles to 23% for 70-mm follicles. Without MEF coculture, all follicles degenerated within 6-10 days. Furthermore, 72%-80% of the oocytes from surviving follicles underwent germinal vesicle breakdown (GVBD), and the percentage of metaphase II (MII) eggs was 41%-69%. Medium conditioned by MEFs had similar effects on survival, growth, and meiotic competence, suggesting a unidirectional paracrine signaling mechanism. This advancement may facilitate the identification of critical factors responsible for promoting the growth of early-stage follicles and lead to novel strategies for fertility preservation.
Introduction
L ifesaving cancer treatments, such as chemotherapy and radiation, threaten the fertility of young girls and women by diminishing the follicle pool and triggering premature ovarian failure. Current treatments include autotransplantation of cryopreserved ovarian tissue posttreatment, which risks the reintroduction of cancer cells. 1 Alternatively, in vitro follicle maturation and fertilization techniques could be used to produce meiotically competent eggs, and subsequently embryos, from cryopreserved ovarian tissue. Thus, in vitro culture systems for ovarian follicles are enabling tools for the advancement of fertility preservation technology for cancer patients. 2 The efficient growth and maturation of isolated preantral follicles is supported by various culture systems. [3] [4] [5] [6] Moreover, considerable progress has been made to support the partial development of isolated early-stage (primordial and primary) follicles, [7] [8] [9] [10] which are more abundant in the ovary and survive cryopreservation. 11 Culture systems based on hydrogel encapsulation of follicles have been engineered using biomaterials, such as alginate, to maintain the spherical structure and cell-cell interactions of the follicle. Alginate, which has been used to support tissue growth for numerous applications, 12 is an algae-derived polysaccharide polymer. Follicles cultured within hydrogels develop antral cavities and morphologically resemble in vivo grown follicles. To date, alginate-based culture systems support the consistent growth of mouse follicles, [13] [14] [15] [16] which has yielded healthy, fertile offspring. 17 The growth of follicles from higher-order species, such as non-human primates and humans, is also supported. [18] [19] [20] Furthermore, these culture systems have enabled mechanistic studies of follicle development, such as the influence of hormones, mechanics, and extracellular matrix proteins. 14, 15, 21, 22 While effective for secondary follicles, alginatebased culture systems have not translated to the culture of individual primordial and primary follicles.
The growth of primordial and primary follicles has been successful using in situ organ culture. [23] [24] [25] Ovarian stromal cells provide structural support and participate in bidirectional paracrine signaling with the follicle, [26] [27] [28] [29] [30] which has been linked to theca cell differentiation and primary follicle development. Initial coculture studies employing stromal and granulosa cells demonstrated enhanced follicle survival and growth. 8, 31, 32 Recently, theca-interstitial cells (TICs) 33 have been utilized to improve the survival and growth of follicles within alginate hydrogels. 34 However, the isolation of these cells results in a heterogeneous population that may change throughout culture.
In this report, we investigated the coculture of ovarian follicles with mouse embryonic fibroblasts (MEFs) to provide factors that promote follicle survival and growth. MEFs, which are isolated from developing mouse embryos, are commonly used as feeder cells to promote the undifferentiated growth of embryonic stem (ES) or induced pluripotent stem cells. 35 The use of MEFs overcomes the isolation and purification challenges associated with ovarian stromal cells. These cells are homogenous, easy to produce, and commercially available. Specifically, this study examined the ability of MEFs to support the survival and growth of early secondary (average diameter of 90-100 mm) and primary (average diameter of 70-80 mm) follicles in alginate hydrogels. Conditioned medium (CM) was employed as a control to distinguish between bidirectional and unidirectional paracrine signaling. In addition to survival and growth, the oocytes were analyzed for meiotic competence. These studies provide the foundation for identifying the factors that promote early follicle development, and may ultimately provide a mechanism to promote follicle growth in fertility preservation applications.
Materials and Methods

Animals and materials
Follicles were isolated from the ovaries of 7-10-day-old CD1 female mice. Mice were maintained in accordance with the policies of the National Institutes of Health and Northwestern University's Animal Care and Use Committee. A temperature-, humidity-, and light (12 h light/12 h dark)controlled barrier facility within Northwestern University's Center of Comparative Medicine was used to house and breed the mice. Mice were provided with food and water ad libitum. The mice were fed Teklad Global irradiated chow (2919 or 2916) that does not contain soybean or alfalfa meal but does contain minimal phytoestrogens. Unless otherwise specified, all chemicals were purchased from Sigma-Aldrich and medium formulations from Invitrogen. Sodium alginate (55%-65% guluronic acid) was provided by FMC BioPolymers.
Follicle isolation, alginate encapsulation, and medium formulations
Previously established procedures 14, 15, 22 for follicle isolation and alginate encapsulation were followed with slight modifications. Briefly, individual follicles (65-105 mm) were mechanically isolated using insulin gauge needles in dissection medium (Leibovitz's L-15 medium supplemented with 1% fetal bovine serum and 0.5% penicillin-streptomycin). Follicles were separated into four size classes based on average initial diameter (70, 80, 90, and 100 mm). After isolation, the follicles were washed and stored in maintenance medium (minimum essential medium Eagle-alpha modification [a-MEM] supplemented with 1% fetal bovine serum and 0.5% penicillin-streptomycin). Follicles were then transferred into 5-6 mL solutions of 0.25% alginate and immersed into a 50 mM CaCl 2 and 140 mM NaCl solution for 1-2 min to crosslink. Beads were then placed into separate wells of a 96well flat-bottom tissue culture plate (Corning Costar #3596) containing 100 mL growth medium (a-MEM supplemented with 3 mg/mL bovine serum albumin [MP Biomedicals], 1 mg/mL bovine fetuin, 5 mg/mL insulin, 5 mg/mL transferrin, 5 ng/mL selenium, and 10 mIU/mL recombinant human follicle-stimulating hormone [FSH] [A.F. Parlow, NHPP and NIDDK]).
Mouse embryonic fibroblasts
Inactivated MEFs (Invitrogen, Gibco #S1520-100) were thawed and resuspended according to the company's protocol with minor modifications. In place of the suggested MEF culture medium (Dulbecco's Modified Eagle Medium [DMEM] with 10% FBS), follicle growth medium was used. A hemocytometer was used to determine cell concentration, and viability was determined to be *90% via trypan blue staining.
MEF coculture seeding concentration
Early secondary (average diameter of 90 and 100 mm) and primary (average diameter of 80 mm) follicles were initially cocultured with MEFs at various seeding concentrations (1.0-4.0 · 10 4 cells/well) ( Supplementary Fig S1 and Supplementary Tables S1-S2; Supplementary Data are available online at www.liebertonline.com/tea). No trend in follicle survival and growth was observed; all concentrations were equally effective at enhancing the survival and growth of all follicles sizes. As a result, subsequent studies employed a concentration of 2.0 · 10 4 cells/well, which is the recommended seeding density).
Follicle and MEF coculture
MEFs were seeded at 2.0 · 10 4 viable cells/well in a 96well flat-bottom culture plate (Corning Costar #3596). After 20 h of culture (overnight), the cells were washed once in 100 mL of PBS for 5 min and 100 mL of fresh growth medium was added to each well. After follicle isolation and encapsulation, individual alginate beads were placed into each well. The coculture was then conducted at 37°C in 5% CO 2 for 14 days. Every 2 days, half of the medium (50 mL) was replaced with fresh growth medium.
MEF-conditioned medium
The MEF-CM was produced following previously established procedures for ES cell coculture with minor modifications. 36 Briefly, MEFs were seeded at a concentration of 6.3 · 10 4 cells/cm 2 in either 6-or 12-well plates. This concentration is equivalent to coculture (2.0 · 10 4 cells/well in a 96well plate). After 20 h of culture (overnight), the cells were washed once in PBS for 5 min and fresh growth medium was added. The cells were then incubated at 37°C in 5% CO 2 . Every 2 days, the medium was collected and replaced. CM was collected for up to 1 week after initial plating of the cells. The CM was stored at -20°C for up to 1 month. Before use, CM was 1230 TAGLER ET AL.
thawed at 4°C overnight and re-supplemented with 5 mg/mL insulin, 5 mg/mL transferrin, 5 ng/mL selenium, and 10 mIU/ mL recombinant human FSH. MEF-CM was used in place of growth medium with the standard follicle culture procedures. Half the CM (50 mL) was replaced every other day.
Follicle survival and growth
Images of follicles were collected every other day using an inverted Leica DM light microscope (Leica). Follicle diameters were measured using ImageJ software (National Institutes of Health). An average of two perpendicular diameter measurements was used for each follicle at each time point. Survival was determined via follicle morphology. Follicles with fragmented, shrunken, degenerated (DG), or detached oocytes were considered not viable.
Oocyte meiotic competence
Follicles were removed from the alginate beads by incubating with 50 mL of a-MEM containing 10 IU/mL alginate lyase for 30 min. Next, follicles were incubated in a-MEM supplemented 10% fetal bovine serum, 5 ng/mL epidermal growth factor, and 1.5 IU/mL human chorionic gonadotropin for 14-16 h. 37 Oocytes were then removed from the follicles using 0.3% hyaluronidase. Images were captured via light microscope (inverted Leica DM) to assess oocyte meiotic competence. Oocytes were classified as follows: germinal vesicle (GV) if the GV was present, GV breakdown (GVBD) if the GV was not present, metaphase II (MII) if there was GVBD and a polar body in the perivitelline space, or DG if the oocyte was fragmented or shrunken.
Initial coculture of primary follicles
Primary follicles with an initial average diameter of 80 mm were cultured with MEFs for 6 days and then removed from coculture. After 6 days of coculture, follicles encapsulated in alginate were transferred with forceps to culture wells containing 50 mL CM and 50 mL fresh growth medium. Every other day, half of the medium was replaced with fresh growth medium.
Statistical analysis
Coculture survival, growth, and meiotic competence measurements were conducted using 13 independent cultures of *40-80 follicles each. Similarly, the CM and control measurements were conducted using five and three independent cultures, respectively. Analysis was performed using Microsoft Excel and GraphPad Prism. Survival data were analyzed using the Kaplan-Meier log-rank test, and growth/ meiotic competence data were analyzed using one-way analysis of variance (ANOVA) followed by Tukey for single time point comparisons. A p-value of less than 0.05 was considered statistically significant. 
Results
Survival and growth of cocultured follicles
Coculture with MEFs enhanced the survival of early secondary (average diameter of 90 and 100 mm) and primary (average diameter of 70 and 80 mm) follicles (Figs. 1-3 and Table 1 ). The initial diameters (meanstandard deviation) of the cocultured follicles were 100 -3, 91 -3, 81 -3, and 71 -3 mm. The initial diameters of the cocultured and control follicle groups were not significantly different ( p > 0.05). After 14 days of coculture, 70% of 100 mm, 62% of 90 mm, 48% of 80 mm, and 23% of 70 mm follicles survived. None of the control early secondary follicles survived past day 10, and none of the control primary follicles survived past day 6. For all size classes, the survival of cocultured follicles was significantly greater than the control ( p < 0.001). In the control group, the oocytes were extruded from nonsurviving follicles; conversely, in coculture, the structure of growing follicles remained intact.
The growth and development of early secondary and primary follicles was substantially enhanced by coculture with MEFs ( Figs. 1-3 and Table 2 ). After 14 days of coculture, the 100 -3, 91 -3, 81 -3, and 71 -3 mm follicles increased in diameter to 347 -43, 344 -39, 314 -52, and 251 -47 mm, respectively. Surviving follicles in all size classes developed antral cavities by day 14. The growth of cocultured follicles was significantly greater than the control follicles on days 2, 6, and 10 ( p < 0.05). The control follicles reached diameters of only 123 -19, 93 -15, 86 -12, and 70 -8 mm, respectively, by days 6-10.
Oocyte meiotic competence of cocultured follicles MII eggs were obtained from early secondary and primary follicles after coculture with MEFs for 14 days ( Table 3 ). The oocytes from surviving follicles with initial diameters in the range of 80-100 mm had significantly greater ( p < 0.01) MII rates (58%-69%) than the 70 mm follicles (41%). GVBD, GV, In the control group, there were no surviving (n.s.) follicles on day 14. Significant differences between survival curves and growth trajectories relative to control were indicated by asterisks (*, p < 0.05). For panels (B) and (D), the diameters of follicles in coculture and CM were significantly greater than control on days 2, 6, and 10 ( p < 0.001). The diameters of follicles in coculture and CM were not significantly different on days 6, 10, and 14 ( p > 0.05).
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TAGLER ET AL. In the control group, there were no surviving (n.s.) follicles on days 10 and 14. Significant differences between survival curves and growth trajectories relative to control were indicated by asterisks (* and **, p < 0.05). Survival curves labeled with different numbers of asterisks were significantly different ( p < 0.05). For panels (B) and (D), the diameters of follicles in coculture and CM were significantly greater than control on days 2 and 6 ( p < 0.05). The diameters of follicles in coculture and CM were not significantly different on days 6, 10, and 14 ( p > 0.05). and DG rates ranged from 72% to 80%, 6% to 15%, and 9% to 17%, respectively. No significant difference was observed in GVBD, GV, or DG rates ( p > 0.05). GVBD and MII rates were consistent with previous studies, which reported 78%-88% GVBD and 56%-67% MII rates with secondary follicles (120 mm) cultured in alginate hydrogels. 14 
Survival, growth, and meiotic competence of follicles in CM
MEF-CM enabled the survival and growth of early secondary and primary follicles ( Figs. 2 and 3 ; Tables 1 and 2 ). After 14 days of culture in CM, 65% of 100 mm, 44% of 90 mm, 32% of 80 mm, and 10% of 70 mm follicles survived. Across all follicle size classes, the survival of follicles in CM was significantly greater than the control ( p < 0.001). The initial diameters of the follicles in CM were 100 -3, 90 -3, 80 -3, and 70 -3 mm and were not significantly different ( p > 0.05) from the control or cocultured follicles. After 14 days of culture in CM, the follicles increased to 336 -33, 316 -36, 284 -45, and 248 -56 mm, respectively. The growth of follicles in CM was significantly greater than the control follicles on days 2, 6, and 10 ( p < 0.05). Furthermore, CM supported the production of MII eggs (Table 3) . MII, GVBD, GV, and DG rates ranged from 54% to 63%, 59% to 70%, 8% to 18%, and 20% to 31%, respectively. No significant difference was observed in MII, GVBD, GV, or DG rates ( p > 0.05).
A comparison of coculture and CM indicated significant differences in the survival of primary follicles with an initial diameter of 80 mm ( p < 0.05) and 70 mm ( p < 0.001). No significant differences were observed in the survival of early secondary follicles ( p > 0.05). Furthermore, for all follicle size classes, growth was not significantly different between coculture and CM ( p > 0.05) on days 6, 10, and 14. Similarly, the meiotic competence rates (MII, GVBD, GV, and DG) between coculture and CM were not significantly different ( p > 0.05).
Growth medium supplemented with leukemia inhibitory factor (LIF) and/or basic-fibroblast growth factor (bFGF) was tested in an attempt to reproduce the effects of MEF-CM. These factors have been used to replace MEF feeder layers in ES cell culture. [38] [39] [40] LIF and bFGF were tested individually and in combination at 100 ng/mL. The survival and growth of follicles receiving this treatment were not significantly different ( p > 0.05) from the control (data not shown).
Oocyte growth
MEF coculture and CM promoted oocyte growth in early secondary and primary follicles (Fig. 4) . The initial oocyte diameter (excluding zona pellucida) of follicles in MEF coculture ranged from 55 -2 mm for 100 mm follicles to 45 -2 mm for 70 mm follicles. Oocyte diameter was significantly different across follicle size classes ( p < 0.001). Within each follicle Diameter presented as meanstandard deviation. Significant differences for each follicle size and time point relative to control were indicated by asterisks (* and **, p < 0.05). Diameters labeled with different numbers of asterisks were significantly different ( p < 0.05).
n.s., no surviving follicles. size class, no significant difference was observed between coculture and CM ( p > 0.05). Furthermore, terminal oocyte (MII, GVBD, and GV) diameter was measured (excluding polar body and zona pellucida) after in vitro maturation (day 15). For all follicle size classes, the terminal oocyte diameter (MII, GVBD, and GV) was significantly greater than the initial oocyte diameter ( p < 0.001). The terminal GV oocyte diameter ranged from 64 to 72 mm, which is consistent with previous reports that produced embryos and live births. 14, 17 No significant differences in the diameter of MII, GVBD, and GV oocytes were observed across follicle size classes ( p > 0.05). Furthermore, no significant differences in the diameter of MII, GVBD, and GV oocytes were observed between coculture and CM ( p > 0.05).
Initial coculture of primary follicles
The effect of MEFs after the primary stage was investigated to assess the stage-specific influence of coculture. Previous reports demonstrated the growth of two-layer secondary follicles (120 mm in diameter) within alginate hydrogels without coculture. 14, 17 Primary follicles with an initial average diameter of 81 -5 mm were cultured with MEFs for 6 days, removed from coculture, and then cultured without MEFs for an additional 8 days ( Fig. 5 ). By day 6 of coculture, these follicles had a diameter of 124 -11 mm. After 14 total days of culture (6 days of coculture and then 8 days without coculture), the follicles increased in diameter to 241 -59 mm. On days 10 and 14, the growth of the initially cocultured follicles was significantly less ( p < 0.05) than the follicles that remained in coculture (314 -52 mm). Moreover, the survival of the initially cocultured follicles (20%) was significantly reduced ( p < 0.05) relative to the follicles cocultured for 14 days (48%).
Discussion
This study has demonstrated that MEFs, which have been traditionally used to promote the undifferentiated growth of ES cells, enable the culture of early secondary and primary mouse ovarian follicles within alginate hydrogels. These results build upon our previous study utilizing ovarian stromal or TICs, 34 which enabled the culture of early secondary and late primary follicles with an initial average diameter of 90 mm. Therefore, nonovarian feeder cells, such as MEFs, can also be used to enhance the survival and growth of ovarian follicles. Moreover, the use of MEFs avoided the challenge of 
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isolating and purifying ovarian stromal cells, which were inhomogeneous and variable between isolations. Conversely, MEFs are well characterized, homogenous, and widely used throughout the biotechnology industry.
The mechanism underlying MEF-stimulated follicle growth appears to be unidirectional paracrine signaling from the MEFs to the follicle, as both MEF coculture and CM enabled the culture of all follicle size classes. It remains to be determined if the MEF factors are the same produced in vivo by ovarian stromal cells. Surprisingly, various factors that influence ES cell differentiation are also critical in early follicle development. These factors include LIF, 38, 41 bFGF, 29, 39, 40 kit ligand or stem cell factor, 27, 29 insulin-like growth factor, 28, 42 bone morphogenetic proteins, 43, 44 and activin A. 45, 46 While the mechanisms remain unclear, these factors have been implicated in primordial/primary follicle development, theca cell recruitment/differentiation, and granulosa cell proliferation. The supplement of these factors has not yet proven to be an effective means for the culture of isolated early-stage follicles. Nevertheless, in this study, LIF and bFGF were tested in an attempt to identify critical factors. These factors are widely used to replace MEF feeder layers and prevent ES cell differentiation. [38] [39] [40] As reported, the addition of these factors did not improve the survival or growth of early secondary or primary follicles, which suggests that different or additional factors are necessary to support and stimulate follicle growth.
For primary follicles, the use of CM resulted in significantly lower survival than direct coculture. Decreased effectiveness of CM is also observed in ES cell culture. 36 This difference may be related to the handling of the CM. The CM was frozen, thawed, and stored for up to 1 month, which could attenuate its effects. CM provides an initial concentration of factors that decline over time. In contrast, MEFs in direct coculture continuously secrete factors into the medium throughout the culture period.
Coculture promoted faster follicle growth than isolated follicle culture. Cocultured follicles grow from 120 to 300 mm in *8 days. Without coculture, 120 mm follicles require 12 days to reach 300 mm. 14 Moreover, a decreased growth rate was observed after removing two-layer secondary follicles from coculture. The decreased growth rate of the follicles removed from coculture was similar to the growth rate of follicles without coculture. Therefore, in addition to promoting the development of primary follicles, coculture enhanced the growth rate of secondary follicles.
Follicle culture systems that utilize flat surfaces can support the growth of mouse primary follicles (80-90 mm) without coculture or CM. 6 To culture these follicles, repeated physical manipulations are required to prevent cell attachment and migration away from the oocyte. In contrast, alginate-based culture systems must employ coculture to support the growth and survival of these follicles. Furthermore, primary follicle culture varies depending on species. For example, non-human primate follicles do not require coculture. These follicles survive and develop in alginate-fibrin hydrogels, 16 whereas mouse primary follicles require additional factors. While the mechanisms remain unclear, the MEF paracrine factors stimulate mouse follicle growth, allowing the follicle to survive, transition to the secondary stage, and produce oocytes responsive to in vitro maturation.
In conclusion, we have demonstrated that MEFs enable the culture of early secondary and primary mouse ovarian follicles within alginate hydrogels. By employing MEF coculture or CM, primary follicles as small as 70 mm in average diameter can be cultured to the antral stage and matured to produce MII eggs. Hence, paracrine signaling between the MEFs and follicle was a major contributor to follicle survival and growth. This culture system may facilitate the identification of factors that promote early-stage follicle growth and lead to novel strategies for fertility preservation. , the follicle diameters of full (days 0-14) and initial (days 0-6) coculture were not significantly different on days 0, 2, and 6 ( p > 0.05). The diameters of full and initial coculture were significantly different on days 10 and 14 ( p < 0.05). Significant differences between survival curves and growth trajectories relative to control were indicated by asterisks (*, p < 0.05).
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